Amino acid-functionalised calixarenes as crystal growth modifiers Calix[4]arenes functionalised at the upper rim with acidic amino acid residues are found to have a significant impact on the crystal growth of model mineral systems, calcium carbonate and barium sulfate. The aspartic acid derivative is found to be most efficacious, matching or exceeding the impact of commercial phosphonate-based scale inhibitors. In some cases, the modified morphologies are found to be similar to those induced by proteins isolated from biomineralised systems.
Introduction
Crystallisation is a fascinating phenomenon in Nature and is of great importance to many industrial processes. It is therefore of no surprise that it is a highly active area of research for both natural and artificial systems. Additives are one of the many methods used by industry to control crystallisation of the desired inorganic products(1, 2) and inhibit unwanted scale formation.(3) However, Nature has had a much longer time to adapt biomineralisation processes to changing functions of various biominerals and can control biomineral formation with much greater finesse. (4, 5) Studying how Nature produces such intricate biominerals may provide strategies in preparing new and improved materials and crystal growth modifiers. (6) (7) (8) (9) There is a vast amount of literature describing a variety of biomineral systems, however a complete biomineralisation mechanism is elusive and it is remarkable that a small amount of organic material (comprising proteins and polysaccharides) can have such a large influence over the mineral formation and properties. For example, mollusc shells have ~5% organic content (10, 11) which exerts control over the crystallisation of calcium carbonate (10, 12) and gives nacre its unusual mechanical properties (13) . One of the emerging themes is that the proteins and organic matrices involved in the formation of biominerals, particularly those associated with calcium carbonate minerals, are of above-average acidity. Many of the these acidic proteins are enriched in aspartic acid and glutamic acid residues with a preference for the former one over other acidic amino acids. (14) (15) (16) Inspired by these observations, the impact of acidic residues, such as aspartic and glutamic acids, and other organic acids have been studied. Dalas et al. found that aspartic acid (17) and glutamic acid (18) could initiate the formation of critical nuclei of Ca 2+ and CO 3 2− and stabilise vaterite. Later work by Wu et al. (19) with a selection of the same amino acids (e.g. aspartic acid, glutamic acid) and organic acids (e.g. succinic acid, acetic acid, glutaric acid) showed the impact of these additives on etch pit morphology during the dissolution of calcite. Their results suggested that the geometry of the additives was important, in particular the distance between calcite surface binding groups (ammonium and carboxylic acid). Elhadj et al. showed that the hydrophilicity and net molecular charge of peptides can be used to predict induced growth rate enhancement of calcite, resulting from a reduced diffusion barrier due to displacement of water molecules at the surface. (20) Modelling studies have shown that even the aspartic acid monomer can act as a catalyst enhancing the crystal growth rate of barite at appropriate concentrations. (21) In addition to small molecule studies, many researchers have used artificial polymers to mimic natural biomacromolecules found associated with biominerals. (22) (23) (24) Another approach to spatially arrange moieties known to control crystal growth is to use a macrocyclic, rather than polymeric, framework. While quite different to the natural systems, macrocycles can be functionalised with a number of active groups, and the structure, flexibility, and solubility can be readily controlled. (Figure 1 ). The phosphonate derivative 1 was found to be more potent crystal growth modifier than the sulfonate compound 2, as expected, since phosphonates are typically potent crystal growth modifiers for barium sulfate. (35, 36) They noted that the phosphonate 1 was able to inhibit barium sulfate crystallisation completely even at 13-14 μM concentration while the sulfonate 2 only achieved 34%
inhibition at 200 μM. The ability of calix [4] arene 1 to direct all its phosphonate groups along a surface contributes to its potency, and its efficacy is comparable to that of other small molecule phosphonate inhibitors; hydroxyethylenediphosphonic acid (HEDP), and ethylenediaminetetraphosphonic acid (EDTP), can achieve complete inhibition of barium sulfate at 24 μM and 1 μM respectively. Heywood and Ovens(38) studied the impact of O-alkylated derivatives of psulfonato calix [4] arenes, as the water soluble sodium salt, on calcium carbonate. The authors found that the dominant phase changed from vaterite to calcite as the alkyl chain length of the additive increased.
Quite interestingly, Bartlett et al. (39) showed that amino acid functionalised calix [4] arenes (3-6, Figure 2 ) were more effective crystal growth modifiers of calcium carbonate and calcium oxalate than the equivalent concentration of the amino acid monomers. Furthermore, the aspartic acid derivative (5) was more potent than the alanine (3) or the sarcosine (4) calix [4] arene derivatives. Following from this earlier work, Jones, et al., (40) investigated the impact of aspartic acid (5) and glutamic acid (6) functionalised calix [4] arenes on calcium carbonate, barium sulfate, and calcium oxalate.
Calix [4] arenes 5 and 6 were found to have an impact on the morphology and crystallisation kinetics of the model minerals investigated at very low concentrations (<1.5 μM); the aspartic acid derivative 5 was more potent than the glutamic acid derivative 6. Amino acids can also be linked at the upper-rim of calix [4] arenes (41) (42) (43) . This may allow for different flexibility and spatial arrangement of amino acids compared to attachment at the lower-rim of calix [4] arenes. Here, we report the syntheses of calix [4] arenes 7a-c, Figure 3 . Calixarenes 7a and 7b are functionalised with aspartic acid and glutamic acid respectively. Calixarene 7c, functionalised with iminodiacetic acid, is a structural isomer of 7a, which lacks chirality and has a tertiary amide linkage.
The impact of these amino acid functionalised calixarenes on model mineral systems, calcium carbonate and barium sulfate, were investigated and the results are presented here. Figure 3 . Upper-rim functionalised calix [4] arene used in this project to study the effects of acidic amino acids on the crystallisation of inorganic minerals. Here, the calixarenes were functionalised with aspartic acid (7a), glutamic acid (7b), and imino diacetic acid (7c) and locked in the cone conformer with propyl chains.
Results and Discussion

Synthesis
Calixarenes 7a-c were prepared following well established procedures for functionalising the upper rim of the calixarene with amino acids and peptides (Scheme 1). (41) The calix [4] arene was locked into the cone conformation by alkylation at the lower rim with propyl groups. Formylation of the upper rim, followed by oxidation, gave the carboxylic acid (8) . (41) This was then activated with oxalyl chloride and DMF to give the acid chloride (9), which was then made to react with the C-protected amino acids (10) (11) (12) 
Impact on barium sulfate crystallisation
Impact on crystal growth kinetics
The impact of calix [4] arene additives 7a and 7b on barium sulfate crystallisation was first determined by desupersaturation experiments. (54) Here, the crystallisation process was followed by monitoring the decrease of conductivity vs time of a supersaturated solution of barium sulfate. The rates determined from these experiments were then plotted as a function of additive concentration ( Figure 5) ; the aspartic acid derivative 7a was found to be approximately ten times more potent than the glutamic acid derivative 7b at inhibiting barium sulfate crystallisation. The calixarene 7a was able to achieve complete inhibition (over the time scale of the experiment) at 0.3 μM whereas 7b required 3.9 μM to do the same. The glutamic acid derivative 7b has a comparable inhibition potency with respect to to the lower-rim derivative 5 (which achieved complete inhibition at 3.6 μM). On the other hand, the aspartic acid derivative 7a is at least ten times more potent than its lower-rim analogue 6 (which achieved complete inhibition at 3.6 μM). Calix [4] arene 7a is even slightly more potent than the phosphonate calixarene 1 (complete inhibition at 13-14 μM) and is approaching the efficacy of some organophosphonate inhibitors; under the conditions used here, HEDP can achieve complete inhibition at 24 μM while EDTP only requires 1 μM.(36) While aspartic and glutamic acids are often associated together as 'acidic components' in proteins associated with biominerals,(55) some authors have observed differences in the impact of the two amino acids (56) and their homo-oligomers. (57) . Of the additives described here, it may be that the aspartic acid groups at the upper rim of calix [4] arene give a more appropriate bite and therefore a better chelating ability to barium ions on the surface of the nucleating crystals, thus efficiently inhibiting crystallization. The higher inhibition potency of 7a compared to 5 could be ascribed to the different distances of the COOH groups of aspartic acid at the upper compared to those of the lower rim derivatives.
Impact on barium sulfate morphology
The morphologies of the barium sulfate crystals produced in the desupersaturation experiments were investigated. In the absence of any additives, the barium sulfate particles had the expected 'pillow-shaped' morphology with rounded was at 2.33 μM, the filtrate from the conductivity experiments were allowed to stand over a coverslip for 14 days.
Impact on nucleation kinetics
The induction time for barium sulfate crystallisation was determined by a light scattering method, (61) The results (Table 1) 
Conclusions
The amino acid functionalised calixarenes, 7a-c, had an impact on the crystallisation of model mineral systems, calcium carbonate and barium sulfate. The aspartic acid functionalised calixarene 7a appeared to affect the morphology of calcium carbonate more than the glutamic acid derivative 7b. Whilst 7b appeared to behave similarly to its lower-rim counter part in the crystallisation of calcium carbonate, 7a resulted in a different calcite morphology compared with its lower-rim analogue. The iminodiacetic acid derivative 7c required a higher additive level to alter the calcite morphology.
Barium sulfate grown in the presence of 7a and 7b gave similar morphologies. The kinetics of crystallisation, however suggested that the aspartic calixarene 7a was a more potent crystal growth inhibitor than the glutamic calixarene 7b. The aspartic derivative 7a was also a more potent barium sulfate growth inhibitor than the lower-rim analogue;
7b showed similar potency to its lower-rim analogue. The higher activity of the upper rim aspartic acid derivatives 7a compared to lower rim analogs 5 could be related to the different rigidity and bite-distance of the chelating carboxylic groups. In general, it was also confirmed that the high density of carboxylate groups given by the simultaneous presentation of aspartic/glutamic residues onto a cone-calix [4] arene greatly enhance the inhibition of calcite or barite crystal growth in solution.
Experimental
General remarks
Reagents were used as purchased from the manufacturer or supplier. MilliQ water, having a resistance of 0.055 cm/Ω, was used throughout crystallisation experiments.
Solvents for reactions and column chromatography were purified according to (dichloromethane/acetone 9:1) then afforded 13b (160 mg, 53%) as a colourless glass. 25,26,27,28-tetra-n-propoxycalix[4] arene -5,11,17,23- 25,26,27,28-tetrapropoxycalix[4] arene -5,11,17,23- 
Preparation of 25,26,27,28-tetra-n-propoxycalix[4]arene-5,11,17,23-tetrakis-{(2S)-2-[(carbonyl)amino]}pentanedioic acid diethyl ester (13b)
(
Preparation of
tetrakis-{(2S)-2-[(carbonyl)amino]}butanedioic acid (7a)
A solution of potassium carbonate (350 mg, 2.53 mmol) in water (2 mL) was added to a stirred solution of (13a) (286 mg, 0.20 mmol) in methanol (25 mL) at 40-50 °C. The reaction mixture was stirred for 2 hours, cooled to room temperature, and concentrated in vacuo. The residue was diluted with water (30 mL), acidified with hydrochloric acid (3 m, ~2 mL) to pH ~1, and extracted with ethyl acetate (4×15 mL). 
Calcium carbonate crystallisation experiments
The impact of the synthesised crystal growth modifiers on the morphology of calcite was investigated using literature methods. (40, 47) Briefly, glass vials containing calcium chloride (7 mmol, 20 mL) with the appropriate concentration of additives and a microscope coverslip (10 mm diameter), were placed in a sealed desiccator (20 cm) along with a vial of ammonium carbonate. The vials were covered with Parafilm ® , with pinholes to allow the diffusion of ammonia and carbon dioxide. After seven days, the microscope coverslips were recovered and dried. After gold coating, the crystals were examined under a scanning electron microscope (Zeiss Evo 40XVP).
Barium sulfate crystallisation experiments
The impact of the synthesised additives on autonucleated desupersaturation rate and morphology of barium sulfate were investigated by literature methods. 
